This study reports a complete geochemical dataset of 215 water and 9 gas samples collected in 2015 from thermal and cold discharges located in the eastern sector of the Sabatini Volcanic District (SVD), Italy. Based on these data, two main aquifers were recognized, as follows: 1) a cold Ca-HCO 3 to Ca(Na)-HCO 3 aquifer related to a shallow circuit within Pliocene-Pleistocene volcanic and sedimentary formations and 2) a deep CO 2 -pressurized aquifer hosted in Mesozoic carbonate-evaporitic rocks characterized by a Ca-HCO 3 (SO 4 ) to Na(Ca)-HCO 3 (Cl) composition. A thick sequence of low-permeability formations represents a physical barrier between the two reservoirs. Interaction of the CO 2 -rich gas phase with the shallow aquifer, locally producing high-TDS and low-pH cold waters, is controlled by fractures and faults related to À140‰ V-SMOW, respectively) and the relatively low C 1 /C 2þ ratios (<100) are indicative of a prevailing CH 4 production through thermogenic degradation of organic matter. The low N 2 /Ar and high N 2 / He ratios, as well as the 40 Ar/ 36 Ar ratios (<305) close to atmospheric ratio, suggest that both N 2 and Ar mostly derive from air. Notwithstanding, the positive d 15 N-N 2 values (from þ0.91 to þ3.7‰ NBS air) point to a significant extra-atmospheric N 2 contribution. Gas geothermometry in the CH 4 -CO 2 -H 2 and H 2 S-CO 2 -H 2 systems indicate equilibrium temperatures <200 C, i.e. lower than those measured in deep geothermal wells (~300 C), due to either an incomplete attainment of the chemical equilibria or secondary processes (dilution and/or scrubbing) affecting the chemistry of the uprising fluids. Although the highly saline Na-Cl fluids discharged from the explorative geothermal wells in the study area support the occurrence of a well-developed hydrothermal reservoir suitable for direct exploitation, the chemistry of the fluid discharges highlights that the uprising hydrothermal fluids are efficiently cooled and diluted by the meteoric water recharge from the nearby Apennine sedimentary belt. This explains the different chemical and isotopic features shown by the fluids from the eastern and western sectors of SVD, respectively, the latter being influenced by this process at a lesser extent. Direct uses may be considered a valid alternative for the exploitation of this resource.
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Introduction
The Sabatini Volcanic District (SVD) is part of the periTyrrhenian sector of central Italy, an area characterized by a complex geodynamic setting that, during the Neogene, produced NNW-SSE oriented horst-graben structures, alkaline magmatism, and a widespread thermal anomaly (Barberi et al., 1994, Fig. 1) . In this region, mantle degassing and thermo-metamorphic processes feed a regional pressurized gas system (e.g., Chiodini et al., 1999; Minissale, 2004) that is connected to CO 2 -rich thermal and cold fluid discharges through fractures and faults related to an extensional tectonic regime (Barberi et al., 1994) , producing a number of CO 2 -rich thermal and cold fluid discharges.
In the framework of exploration surveys carried out in the past decades for geothermal exploitation purposes (Calamai et al., 1976; Funiciello et al., 1979; Allegrini et al., 1982; Cavarretta and Tecce, 1987; Buonasorte et al., 1995) , a high enthalpy geothermal field was recognized in the eastern SVD (i.e. Cesano field; Calamai et al., 1976) . Explorative wells (from 960 to 3200 m depth) were drilled within the Baccano Caldera ( Fig. 1 ; Funiciello et al., 1979) , where a maximum temperature of~300 C was measured (Allegrini et al., 1982) . Potentially productive wells (C1, C5, C7, C8), having an average depth of~1750 m and bottom-hole temperatures ranging from 141 to 221 C, discharged a highly saline (up to 350 g/L) brine associated with a CO 2 -dominated gas phase (Calamai et al., 1976) . Due to the high salinity of the liquid phase and the relatively high concentrations of corrosive gases (H 2 S), these wells were considered not economically exploitable and then abandoned (Billi et al., 1986) . Few years later, the geothermal exploration resumed in this area and new wells were drilled outside the Baccano Caldera ( Fig. 1 ; Cavarretta and Tecce, 1987; Buonasorte et al., 1991 Buonasorte et al., , 1995 . Among them, 8 wells (from 1390 to 3886 m depth) were drilled within the SVD, where bottom-hole temperatures up to 300 C were measured. Nevertheless, the hydrothermal resource was not considered economically exploitable. Notwithstanding these negative attempts, Italy is recently experiencing a renewed interest for geothermal energy, favoured by new technological advances, encouraged by the growth of energy demand and the need to reduce CO 2 emissions to the atmosphere (Procesi et al., 2013) . Presently, in the Latium region new research concessions have already been conferred, whereas private companies are claiming other areas for geothermal prospecting purposes (http://unmig. mise.gov.it/unmig/geotermia/titoli/titoli.asp). This provided a new pulse for developing geochemical investigations on thermal fluid discharges in central Italy, including the SVD.
The main geochemical features of the thermal discharges in central Italy were discussed in several studies carried out since the 1970's (e.g., Baldi et al., 1973; Dall'Aglio et al., 1994; Duchi and Minissale, 1995; Chiodini et al., 1999; Minissale et al., 1997a; Minissale, 2004) . On a local scale, a geochemical study focusing on the western sector of the SVD (Cinti et al., 2011) reported a detailed chemical and isotopic dataset, which allowed to construct a conceptual model aimed to describe the hydrothermal fluid circulation. In 2015, following a similar approach, the geochemical investigation was extended to fluid discharges from the eastern SVD (Fig. 1) . A similar detailed approach was adopted in the present study to complete the description of the hydrothermal fluid circulation related to this volcanic complex. Up to 215 waters and 9 bubbling gases (Fig. 1) were collected and analyzed for determining the composition of the main and trace components and the stable isotopes of water, CO 2 and CH 4 , noble gases (He and Ar), N 2 , and sulfur in H 2 S. The main goals were to: i) investigate the fluid sources and the main chemical-physical processes controlling fluid chemistry, ii) propose a conceptual model to describe the circulation pattern and the processes controlling the chemistry of the thermal fluids, and iii) provide insights into the most promising areas for geothermal exploitation. For these goals, the available stratigraphic, structural, and hydrogeological data were also used.
Geological, structural and hydrological setting
The~1000 km 2 wide study area is located along the periTyrrhenian sector of central Italy (Fig. 1) . In this region, a postcollisional tectonic activity occurred during the Neogene, generating dominantly extensional NNW-SSE-trending fault systems (Barberi et al., 1994) and minor NE-SW-trending transtensive structures that accommodated differential extension (Acocella and Funiciello, 2006) . The progressive eastward migration of the extension wave produced a strong crustal thinning (<25 km; Scrocca et al., 2003) , high heat flow (locally >200 mW/m 2 ; Della Vedova et al., 1984; Barberi et al., 1994) , and subduction-related magmatism (Peccerillo, 1985; Barberi et al., 1994; Doglioni et al., 1999) . Volcanic complexes grew up on buried horst-graben structures, as shown by gravimetric anomalies (Barberi et al., 1994) , whilst marine clastic sediments were filled the structural lows. The SVD was active from 0.60 to 0.08 Ma (Cioni et al., 1993; De Rita et al., 1996; Karner et al., 2001 ) and consisted of rhyolites, rhyodacites and trachidacites found as dome complexes (Cimarelli and De Rita, 2006) , pertaining to the Tuscan Magmatic Province, and under-saturated alkali-potassic pyroclastic and phreatomagmatic deposits with subordinate volumes of lavas related to the Roman Magmatic Province. The early stage of the volcanic activity (0.6e0.4 Ma), mostly consisting of explosive events, occurred from craters located in the eastern and southern sectors of the SVD, while the main explosive phase (0.3 Ma), producing calderaforming pyroclastic flows and several small scoria cones and tuff rings, took place north of the Bracciano volcano-tectonic depression. During the latest eruptive phase (0.17e0.08 Ma) hydromagmatic products were ejected from N-S and E-W-oriented craters located along the eastern margin of Lake Bracciano.
The volcanic products overly a tectono-stratigraphic sequence consisting of (from top to bottom): 1) a Plio-Pleistocene complex, including conglomerates, sandstones and clays, 2) CretaceousOligocene (?) Ligurian and sub-Ligurian units (Ligurian s.l.), including calcareous-pelitic calcarenites and arenaceous-pelitic turbidites (Fazzini et al., 1972) , 3) Mesozoic carbonates, and 4) Triassic evaporites (Burano Fm.) .
The hydrogeological setting is dominated by a regional hydrothermal reservoir hosted in the carbonate-evaporite units and a shallow, mainly unconfined, regional aquifer within the volcanic rocks (Capelli et al., 2005) . Low-permeability PlioePleistocene deposits and/or the Ligurian s.l. rocks act as an efficient impervious barrier between the shallow and the deep aquifer. Locally, permeable layers within the low-permeability sedimentary deposits host perched aquifers that feed numerous springs of limited and discontinuous extent (Dall'Aglio et al., 1994) . The Bracciano Lake represents the outcrop of the shallow volcanic aquifer. Three piezometric highs, identified near the Bracciano Lake (Capelli et al., 2005) , force groundwater to flow towards the Tevere River to the E, the Tolfa Mountains to the W and the lake itself, respectively (Fig. 1) .
Methods
Water samples were collected from cold and thermal springs, occasionally showing bubbling gases, as well as municipal and domestic wells. The chemical and isotopic dataset also includes published data (Cinti et al., 2014) of 34 waters and 4 bubbling gases (samples 190, 191, 201, 216) located at the border between the SVD and the Vicano-Cimino Volcanic District. The field and laboratory analytical results are listed in Table 1 and as supplementary material (Tables 1S and 2S ).
Groundwater sampling and analysis
Temperature, pH, Eh, electrical conductivity and alkalinity concentrations (acidimetric titration with 0.05 N HCl) concentrations were determined in situ. One filtered (0.45 mm) and two filtered and acidified (with ultra-pure HCl and HNO 3 , respectively) aliquots were collected and stored in high-density polyethylene bottles for laboratory analysis. C-TDIC ‰ V-PDB, were analyzed by mass spectrometry (Finnigan Delta plus XP) following the procedure described by Salata et al. (2000) . The analytical error for MS was ±0.1‰.
Dissolved and free gas sampling and analysis
Water samples for the determination of dissolved gases were collected in 125 mL glass flasks equipped with a rubber septum. Dissolved gas chemistry (H 2 , He, O 2 , N 2 , CH 4 , CO 2 , Ne) was determined in the free-gas phase, formed in the headspace of the sampling flasks by injecting Ar through the rubber septum, by gas chromatography (GC) using a Varian CP-4900 Micro gas chromatograph equipped with two TCD detectors and Ar as carrier gas (Capasso and Inguaggiato, 1998) . The dissolved gas concentrations (expressed in bar) were calculated from the composition of the headspace gas on the basis of the solubility coefficients of each gas compound (Whitfield, 1978) . Analytical error for GC was <5%.
Free gases were collected from bubbling pools by using a plastic funnel positioned above the gas emergence and connected to glass thorion-tapped flasks through a silicon tube. Three gas aliquots were collected, as follows: 1) a pre-evacuated 150 mL glass flask for the determination of 13 Ne isotopic ratios; 2) a pre-evacuated 150 mL glass flask filled with 50 mL of a 4N NaOH solution for the determination of carbon and hydrogen and nitrogen isotopes in CH 4 and N 2 , respectively; 3) a pre-evacuated 60 mL glass flask filled with 20 mL of a 5N NaOH and 0.15M Cd(OH) 2 suspension for the determination of the chemical composition and 34 S/ 32 S isotopic ratio in H 2 S (Giggenbach and Goguel, 1989; Montegrossi et al., 2001; Vaselli et al., 2006) . Lowsolubility inorganic gases and CH 4 were analyzed by GC using a Shimadzu 15A gas chromatograph, equipped with a 10 m long 5A molecular sieve column and a thermal conductivity detector (TCD), and a Thermo Focus gas chromatograph equipped with a 30 m long capillary molecular sieve column and a TCD. Light hydrocarbons were determined with a Shimadzu 14A gas chromatograph equipped with a 10 m long stainless steel column (f ¼ 2 mm) packed with Chromosorb PAW 80/100 mesh coated with 23% SP 1700 and equipped with a FID detector. CdS in the solid precipitate of aliquot (3), formed by the reaction of Cd and H 2 S, was separated from the liquid phase by centrifugation at 4000 rpm for 30 min, oxidized to SO 4 2À by H 2 O 2 , and then analyzed by IC (Methrom 761).
Carbon dioxide was analyzed as CO 3 2À in the alkaline solution by acidimetric titration with 0.1 N HCl. The analytical error for the gas chemical analysis was <10%. The 13 C/ 12 C isotopic ratios in CO 2 (expressed as
were determined by MS using a Finningan Delta S mass spectrometer, after a two-step extraction and purification procedures of the gas mixtures by using liquid N 2 and a solid-liquid mixture of liquid N 2 and trichloroethylene. Internal (Carrara and San Vincenzo marbles) and international (NBS18 and NBS19) standards were used to estimate external precision. The analytical error and the reproducibility were ±0.05‰ and ±0.1‰, respectively. , produced by the oxidation of CdS precipitated in the aliquot (3), as BaSO 4 by adding a BaCl 2 solution (10% w/v). Sulfur isotopes in H 2 S were analyzed by using an EA-IRMS system consisting of a 20-20 isotope ratio mass spectrometer (Europa Scientific, Crewe, UK), equipped with an elemental analyzer (Sercon Ltd., Crewe, UK). The analytical error was <0.3‰. Nitrogen isotopes in N 2 (expressed as d
15 N ‰ NBS air) Ar ratios, were analyzed by a GVI Helix SFT mass spectrometer after gas samples purification in the high-vacuum inlet line of the instrument (Rizzo et al., 2015) . The analytical error in the determination of elemental He and Ne contents was <5%.
Results

Chemical and isotopic composition of waters
Cold waters from both the volcanic and sedimentary domains (Fig. 1 ) are characterized by low Total Dissolved Solids (TDS) values (<1000 mg/L), slightly acidic-to-alkaline pH values (from 6.3 to 8.0) and Ca-HCO 3 to Ca(Na)-HCO 3 chemical composition ( Fig. 2a and b) . Exceptions are a significant number of cold waters, locally known as acque acetose (samples 15, 24, 45, 46, 48, 50, 51, 52, 57, 64, 68, 70, 75, 77, 80, 84, 91, 97, 101, 122, 127, 128, 129, 135, 136, 146, 147, 154, 179, 199, 200, 201, 207, 213, 214) , which are characterized by relatively high TDS (up to 4014 mg/L) and lower pH values (from 5.2 to 6.7). Relatively few cold waters show a Ca-SO 4 composition (samples 54, 65, 67, 93, 121, 191 and 206) and from À44 to À30‰ V-SMOW, respectively (Table 1S) values (À14.9 and À27‰ V-SMOW, respectively).
The d
13 C-TDIC values range from À21.2 to þ5.39‰ V-PDB (Table 2S) .
Chemical and isotopic composition of dissolved gases
The dissolved gases mainly consist of atmospheric compounds (N 2 and O 2 ), whose partial pressures are up to 0.98 and 0.20 bar, respectively. The pCO 2 values are low (<0.038 bar) in the cold bicarbonate-type waters (Table 2S ) and significantly higher in acque acetose (up to 0.35 bar), in SO 4 -rich cold waters (up to 0.36 bar) and thermal waters (up to 0.27 bar). The partial pressures of the other gas compounds show relatively large variations in terms of concentration (pCH 4 from 6.8 Â 10 À7 to 0.291 bar, pHe from 1 Â 10 À7 to 1.5 Â 10 À4 bar, and pH 2 from 1.0 Â 10 À7 to 1.4 Â 10 À5 bar), with no significant differences among those gases associated with waters having different outlet temperatures (Table 2S ).
The d 13 C values of dissolved CO 2 are calculated from the d 13 C-TDIC values using the empirical equation of Zhang et al. (1995) , as follows:
ÀCO2Þ
( 1) where the equilibrium molar ratios of aqueous carbon species at sampling temperature and pH, used in Eq. (1), are computed with the PHREEQC code (Parkhurst and Appelo, 2013) , whereas the value given by Deuser and Degens (1967) and Mook et al. (1974) is used for the isotope fractionation factor (ε) between dissolved and gaseous CO 2 . The calculated d
13 C-CO 2 values range from À27.3
and þ 2.94‰ V-PDB (Table 2S ).
Chemical and isotopic composition of free gases
The chemical composition of gases discharged from bubbling pools (Table 1) is dominated by CO 2 (from 960 to 994 mmoL/mol), whilst N 2 and CH 4 concentrations range from 5.1 to 36 and from 0.06 to 2.7 mmoL/mol, respectively. Oxygen and Ar concentrations vary from 0.06 to 2.4 and 0.05e0.76 mmoL/mol, respectively. Hydrogen sulfide is detected in all the gas samples (from 0.02 to 2.1 mmoL/mol), with the only exception of sample 121 (<0.01 mmoL/mol). Hydrogen, He and Ne have concentrations up to Fig. 2. a) HCO 3 e Cl e SO 4 and b) (Na þ K) e Ca e Mg ternary diagrams for waters from the study area. LSW ¼ local seawater; CES 1, S9 ¼ geothermal wells. 0.05, 0.0045 and 0.0012 mmoL/mol, respectively, while the sum of the C 2 -C 4 alkanes range from 0.0002 mmoL/mol (sample 210) to 0.10 mmoL/mol (sample 121). Carbon monoxide is below the analytical detection limit (0.01 mmoL/mol).
The 13 C/ 12 C isotopic ratios in CO 2 and CH 4 are from À4.7
to þ1.0‰ and from À33.4 to À24.9‰ V-PDB, respectively, while the dD-CH 4 values range from À168 to À140‰ V-SMOW. The R/R a values, corrected for air contamination by using the 4 He/ 20 Ne ratios (Poreda and Craig, 1989) 
Discussion
Processes governing the chemical and isotopic composition of waters
As shown in the dD vs. d
18 O diagram (Fig. 3a) , most cold and thermal waters plot in between the Global Meteoric Water Line (GMWL; Craig, 1961) and the Mediterranean Meteoric Water Line (MMWL; Gat and Carmi, 1970 (Fig. 3b) shows a mean isotopic vertical gradient of À0.24‰/100 m, which is similar to those previously calculated for central Italy (Zuppi et al., 1974; Barbieri et al., 2005) . This allows to estimate the average altitude of the recharge areas at approximately 300e400 m a.s.l., whereas the generally low vertical drop (~100e200 m) between infiltrating and emergence altitudes suggests that the cold springs pertain to relatively short and shallow hydrological circuits through the volcanic and sedimentary units. Accordingly, the main chemical features of the low-TDS bicarbonate-type cold waters are typical of immature fluids. However, weak water-rock interaction processes occurring in the lowtemperature shallow volcanic aquifer favor the mobilization of ions such as K þ (Fig. 1Sa ) and F À (Fig. 1Sb) , whose enrichments in solution are due to their relatively high abundance in the rocks of the Tuscan and Roman volcanic sequences with respect to those occurring in the sedimentary formations (Gambardella et al., 2005; De Rita et al., 2011) . The main chemical features of the acque acetose, i.e. high HCO 3 À concentrations and slightly acidic pH (Fig. 4) , likely derive from the interaction of the shallow aquifers with the CO 2 -rich gas phase released from the deep pressurized regional fluid reservoir (Minissale, 2004) . Strongly acidic (pH down to 3.1), SO 4 -dominated waters (samples 54, 67, 191, 206; Fig. 4 ) are produced by nearsurface oxidation of H 2 S, which is present at significant concentrations in the associated CO 2 -rich gas phase, to H 2 SO 4 as described by the following chemical reaction (Rye et al., 1992) :
In these waters, O 2 consumption causes reducing conditions and the low pH values, caused by reaction (2), explain the high concentrations of Al, Mn and Fe (Table 1S) .
The thermal water discharges are related to the well-recognized regional hydrothermal aquifer hosted in the Mesozoic carbonates at the top of the Triassic anhydrite layers and recharged by meteoric waters from the eastern Apennine range (Chiodini et al., 2000; Minissale, 2004; Minissale and Vaselli, 2011; Cinti et al., 2014 ] ratios are >1 (Fig. 5a) (Table 1S) , possibly caused by mixing between the deep thermal fluids uprising from the carbonate-evaporitic aquifer and highly saline waters locally trapped in the Neogene marine sediments below the volcanic sequences (Calamai et al., 1976; Duchi et al., 1992; Dall'Aglio et al., 1994; Minissale et al., 1997b) . The possible involvement of the deep and hot Na-Cl brine intercepted from the geothermal wells at Cesano (Calamai et al., 1976) in the chemical features of the Na-Cl-rich thermal waters cannot completely be discarded, since the Na þ /Cl À molar ratios of these waters are up to 2, i.e. higher than the stoichiometric ratio and approaching that shown by the geothermal fluid (Fig. 5b) . However, these relatively high Na þ /Cl À molar ratios may also be related to Na þ contribution from alteration processes of silicate minerals (e.g. clay minerals, zeolites or feldspatoids), which are favored by both high temperature and CO 2 .
As far as the minor elements are concerned, relatively high Sr concentrations are found in most thermal and SO 4 -rich cold waters (Fig. 2Sa) , this element being a common Ca 2þ substituent in carbonate and gypsum/anhydrite minerals, which are abundantly present in the Mesozoic and Triassic reservoir rocks (Barbieri et al., 1979; Minissale et al., 1997b) . Lithium and B concentrations, two elements that are typically enriched in geothermal waters, are generally low in both the cold and thermal waters. Exceptions are the above-mentioned Na-Cl-rich thermal waters (samples 10, 35 and 166; Fig. 2Sb,c) , whose high concentrations of these elements would support the hypothesis of mixing with saline fluids trapped in the Neogene marine sediments rather than that of fluid contribution from the deep Na-Cl brine. This is confirmed by the very low NH 4 þ concentrations, since this compound typically occurs in the main geothermal reservoirs of Tuscany and Latium (i.e. Larderello, Torre Alfina, Latera, Cesano), deriving from the dissolution of NH 3 -rich vapors (Calamai et al., 1976; Duchi et al., 1992; Minissale et al., 1997b) . The degree of maturity of waters from cold and thermal springs interacting with a typical authigenic mineral assemblage (including Na-and K-feldspars, K-micas, chlorite and silica) is commonly investigated on the basis of their Na þ , K þ , and Mg 2þ concentrations.
When water-rock reactions attain a chemical equilibrium, reliable estimations of the fluid reservoir temperatures can be carried out, as described by the following equations (Giggenbach, 1988) : (Fig. 3S) , the eastern SVD waters are strongly immature, thus the KMg and Na-K geothermometers cannot usefully be applied. This is confirmed by the low equilibrium temperatures computed by the silica (chalcedony) geothemometer (Arnorsson et al., 1983) that, according to the concentrations measured in the thermal waters, ranges from 78 to 125 C, i.e. significantly lower than those measured in the geothermal wells in this area. The unrealistic estimations of fluid temperatures provided by solute geothermometers suggest that, even along the main tectonic lineaments where the fast rising of deep fluids is favored, the chemistry of the thermal fluids is affected by mixing with shallow waters.
Origin of gas compounds
Carbon species
It is widely accepted (e.g., Minissale et al., 1997b; Chiodini et al., 1999; Minissale, 2004 ) that the origin of CO 2 in central Italy is related to a twofold source, i.e. mantle degassing (d 13 C-CO 2 from À7.0 to À3.0‰ V-PDB; Javoy et al., 1982; Rollinson, 1993) and thermo-metamorphic reactions on carbonates and/or the underlying metamorphic Palaeozoic basement (d 13 C-CO 2 from À2.0 to þ2.0‰ V-PDB; Craig, 1963) . The d 13 C-CO 2 values of the free gases in the eastern SVD, which are in the typical range of gas manifestations from the Roman Magmatic Province (Chiodini et al., 2000 (Chiodini et al., , 2007 Minissale, 2004; Cinti et al., 2011 Cinti et al., , 2014 , are consistent with this hypothesis. The relatively high CO 2 / 3 He values (up to 6.0 Â 10 12 ; Fig. 6a ), i.e. exceeding more than three orders of magnitude that of MORB mantle (1.4 Â 10 9 ; Marty and Jambon, 1987) , support a dominant CO 2 crustal source. According to the correlation between the calculated d
13 C values of dissolved CO 2 and the pCO 2 values (Fig. 6b) , CO 2 in the CO 2 -poor cold waters likely originates from soil respiration (e.g., Cerling et al., 1991; Cartwright et al., 2002) , whereas the isotopically heavy CO 2 from the CO 2 -rich cold and thermal waters has the same deep crustal/mantle source feeding the bubbling gases. Dissolved CO 2 in waters showing intermediate pCO 2 values is likely due to mixing processes between these two end-members. Methane is defined as microbial (or biogenic), when produced by (i) metabolic processes of microbial communities at relatively low temperatures (<120 C; Takai et al., 2008) or (ii) thermal degradation of organic matter at higher (>150 C) temperatures (Quigley and Mackenzie, 1988; Tang et al., 2000; Mango, 2001) . The most widely accepted geochemical tool to determine the dominant sources of CH 4 is based on both the composition of its stable isotopes ( 13 C/ 12 C and 2 H/ 1 H) (Schoell, 1980) and the CH 4 /(C 2 H 6 þC 3 H 8 ) ratios (Bernard et al., 1978; Whiticar et al., 1986; Whiticar, 1999) . Tassi et al. (2012) recently revisited this classical approach. These authors argued that CH 4 production of most CO 2 -dominated gas discharges in peri-Tyrrhenian central Italy, including those from western SVD (Cinti et al., 2011) , was related to CO 2 reduction. This hypothesis was based on the observation that both the CH 4 / (C 2 H 6 þC 3 H 8 ) ratios and d 13 C-CH 4 values were much higher than those expected for a typical thermogenic CH 4 . Noteworthy, this CH 4 genetic process cannot be recognized for the gas emissions from eastern SVD, since their d 13 C-CH 4 , dD-CH 4 , and CH 4 /(C 2 H 6 þC 3 H 8 )
values are consistent with a prevailing thermogenic source ( Fig. 7a  and b ).
Inert gas species
Helium, Ar and N 2 can be used as geochemical tracers to recognize primary fluid sources since they are chemically inert. As shown by the He-N 2 -Ar diagram ( Fig. 8 ; Giggenbach, 1992) , most gases from the eastern SVD plot close to the air or air-saturated water (ASW) composition, indicating relatively small extraatmospheric contribution for both He and N 2 . The latter, possibly related to reactions involving metasedimentary rocks (Honma and Itihara, 1981; Mingram and Brauer, 2001) relatively low 40 Ar/ 36 Ar ratios (<305), i.e. close to atmospheric ratio (295.5; Marty, 1995) . As far as the origin of He is concerned, the 3 He/ 4 He ratios can discriminate (i) 4 He-rich gases from radioactive decay processes, mostly occurring in the crust and typically producing R/R a values from 0.01 to 0.1 (O'Nions and Oxburgh, 1988) , and (ii) 3 He-rich gases related to a mantle source (Polyak and Tolstikhin, 1985) . A pronounced northward decrease of the R/R a values in gas emissions (Hooker et al., 1985; Minissale, 2004) and fluid inclusions in olivine and clinopyroxene phenocrysts from the Quaternary rocks (Martelli et al., 2004) was observed from southern Italy (Mt. Etna and the Aeolian Islands) up to the Roman Magmatic Province. This feature was ascribed to mantle contamination via subduction of the Ionian-Adriatic plate beneath centralsouthern Italy (Peccerillo, 1999; Martelli et al., 2004 Martelli et al., , 2008 . The R/ R a ratios from the eastern SVD (from 0.07 to 1.04) are consistent with this general hypothesis, since they range within the values measured in gas emissions from the Roman Magmatic Province (Minissale, 2004; Barberi et al., 2007; Chiodini et al., 2007; Cinti et al., 2011) and are significantly lower than those found in the active volcanoes of southern Italy, e.g., 2.0e3.2 at Campi Flegrei, (Tedesco et al., 1990) , 2.2e2.7 at Mt. Vesuvius (Federico et al., 2002) , 6.5e6.9 at Mt. Etna (Allard et al., 1997; Tedesco, 1997) . The eastern SVD isotopic values reflect a prevailing crustal-radiogenic source with a minor amount of mantle He. Assuming R/R a~6 .5 as the mantle end-member in central-southern Italy (Tedesco, 1997) , i.e. similar to the European sub-continental mantle (Dunai and Baur, 1995) , the mantle He fraction in the study area is estimated at 0.8e16%.
Reduced inorganic gases (H 2 S and H 2 )
Hydrogen sulfide in volcanic gas discharges is mainly produced by disproportionation of SO 2 (Giggenbach, 1987; Allard et al., 1991; Oppenheimer et al., 2014) , whereas sedimentary sources of H 2 S consist of: 1) alteration of sulfide minerals (e.g. pyrite; Giggenbach, 1980; Chiodini, 1994) , 2) microbial activity (Thode, 1991) and 3) thermo-chemical sulfate reduction (Machel et al., 1995; Worden and Smalley, 1996) . Hydrothermal gases are characterized by the virtual absence of SO 2 and the presence of H 2 S as unique S-bearing gaseous species (Giggenbach, 1980) , whose origin can usefully be investigated by using the d 34 S-H 2 S values (e.g., Ault and Kulp, 1959; Sakai, 1968; Marini et al., 2011) . The strongly positive d 34 S-H 2 S values of the eastern SVD gases (from 9.5 to 10.6‰ V-CDT) suggest to discard a H 2 S volcanic source, since the d 34 S of magma-derived sulfur in volcanic rocks and gases is~0‰ V-CDT (Allard et al., 1991; de Moor et al., 2013) . It is worth mentioning that the d
S
values of sulfide deposits in the SVD are mainly negative (averaging À2.6‰ V-CDT; Cavarretta and Lombardi, 1992) , whereas evaporitic sulfates from Triassic anhydrites (Burano Fm.) have d 34 S values ranging from 13.6 to 17.4‰ V-CDT (Cortecci et al., 1981) , and the d
S-SO 4
2-values in Ca-SO 4 thermal waters are typically~þ14‰ V-CDT (Zuppi et al., 1974; Cavarretta and Lombardi, 1992; Cinti et al., 2014) . Hence, H 2 S in the eastern SVD gases likely derives from thermo-chemical reduction of anhydrites, according to reactions involving CO 2 and CH 4 , as follows (Giggenbach, 1980 ; (2007) . Data for the western SVD gases are from Cinti et al. (2011) . Symbols as in Fig. 6a . Worden and Smalley, 1996) :
It is worth noting that the d 34 S-H 2 S values isotopic values of the SVD gases are slightly lower than those of the evaporitic sulfates (2e6‰). This implies that the isotopic fractionation affecting S during the reactions (5) and (6) occurs at relatively high temperatures (!200 C) (Ohmoto and Rye, 1979; Machel et al., 1995) . Accordingly, the source region of H 2 S in the study area corresponds to the main hydrothermal reservoir where temperatures of~300 C were measured (Allegrini et al., 1982) . By assuming this hypothesis as valid, CH 4 and H 2 likely originate within the same deep fluid reservoir, being involved in the reactions (5) and (6).
Gas geothermometry
The temperatures of a hydrothermal fluid reservoir can be estimated by applying a variety of geothermometers based on the chemical composition of gas discharges (e.g. Giggenbach, 1987; Chiodini and Marini, 1998) . Since the eastern SVD gases are associated with bubbling pools, the concentrations of water vapor and CO mostly depend on interaction with liquid water at the surface, and therefore only low soluble gas compounds, such as CH 4 , CO 2 and H 2 , can be used for geothermometric applications. Gas equilibria in the CH 4 -CO 2 -H 2 system are controlled by the following reaction (Giggenbach, 1987 (Giggenbach, , 1996 :
As shown in the log (XH 2 /XAr * ) vs. log (XCH 4 /XCO 2 ) binary diagram ( Fig. 9) , where the Ar * values (Ar * ¼ Ar-O 2 /22, since the O 2 /Ar ratio in air is 22) is used to minimize the effect of air contamination occurring at the surface, the eastern SVD gases plot along the equilibrium curve of a liquid phase at redox conditions fixed by the D' Amore and Panichi (1980) buffer. Under these redox conditions, which are typical for hydrothermal fluids, the estimated temperatures of the eastern SVD gases range from 100 to 200 C, i.e. values considerably lower than those measured in the geothermal wells (~300 C). The most reliable explanation is that re-equilibrium processes at lower temperatures affect H 2 and CH 4 during the uprising of fluids from the hydrothermal reservoir. However, the wide variations (~2 log-units) of both the XH 2 /XAr * and the XCH 4 /XCO 2 ratios suggest that the concentrations of these gases are mostly depending on other processes than reaction (7). For example, the CH 4 /(C 2 H 6 þC 3 H 8 ) ratios and d 13 C-CH 4 , and dD-CH 4 values indicate that CH 4 is dominantly produced by thermal degradation of organic matter, thus the behavior of this organic gas cannot be considered exclusively controlled by CO 2 reduction. A further exercise to provide insights into the fluid temperatures at depth can be carried out considering the H 2 S-H 2 -H 2 O system, as described by the following reaction (Chiodini et al., 2001) :
where [FeO] is an unspecified Fe-Al silicate and [H 2 O] the corresponding Al-silicate in its protonated, Fe-free, form. As already mentioned, the concentration of water vapor in the gases from the bubbling pools is controlled the condensation at the surface, thus calculations of gas equilibria in the H 2 S-H 2 -H 2 O system are carried out using the H 2 O vap concentrations computed on the basis of the gas-water ratio (X g ) that is estimated, as follows (Taran, 2005) :
where P t , i.e. the air pressure at the recharge altitude, is 0.878 atm at 10 C and 1000 m a.s.l., and Ar is assumed as entirely atmospheric. The relatively large variation of the XH 2 S/XH 2 O ratios (~2 log-units) in the log (XH 2 S/XH 2 O) vs. log (XH 2 /XH 2 O) binary diagram ( Fig. 4S ) coupled with the significantly lower equilibrium temperatures with respect to those measured in geothermal wells, confirms that secondary processes, i.e. loss of H 2 S due to its relatively high solubility and oxidation in the liquid phase, likely affect the deep gases during their ascent.
Eastern vs. western SVD
Although fluid discharges from the eastern and the western sectors of SVD are considered to pertain to a unique hydrothermal system (Fig. 10) (Fig. 2Sb,c) and the meteoric signature of the Na-Cl-rich thermal waters, suggest that the most reliable source of these compounds likely consist of highly saline waters locally trapped in the Neogene marine sediments. Some contribution from a deep Na-Cl geothermal brine, as that intercepted by geothermal wells at Cesano, seems unlike, although it cannot completely be ruled out. With respect to the gas emissions, those discharging from the eastern SVD, showing relatively high N 2 and Ar concentrations (Table 1) , and low N 2 /Ar (Fig. 8) (Table 1) , are marked by a higher contribution from air with respect to the western SVD gases. Accordingly, equilibrium temperature estimations computed according to both the CH 4 -CO 2 -H 2 and the H 2 S-H 2 -H 2 O geothermometers for the eastern SVD gases are not reliable since they show too large variations. On the contrary, computed temperatures by using the same theoretical approach for the gases from the western SVD sector (Cinti et al., 2011) cluster around at 175 C, although significantly lower than those measured at depth. A further important distinction in the fluid chemistry of the two areas is highlighted by the C 1 /C 2þ ratios and d 13 C-CH 4 and dD-CH 4 values ( Fig. 7) : the eastern SVD gases show the typical features of thermogenic CH 4 , whereas CO 2 reduction is the main production mechanism of CH 4 in the gas emissions from western SVD (Cinti et al., 2011) . Summarizing, fluids from the western and the eastern sectors of SVD show some significant differences, mainly due to a higher contribution of shallow secondary processes in the eastern SVD, which are able to significantly mask the chemistry of the uprising deep fluids. One possible explanation for this spatial compositional distribution is that the cooling and diluting effects of meteoric water from the Apennine chain are particularly efficient in the easternmost fluid discharges, since they are closer to this important recharge area with respect to those emerging in the westernmost ones. The enhanced contribution of meteoric water to the uprising hydrothermal fluids also produces the relatively high air contamination characterizing the eastern SVD gases.
Conclusions
The SVD hosts a water-dominated hydrothermal reservoir at T~300 C that discharges Ca-HCO 3 (SO 4 ) to Na(Ca)-HCO 3 (Cl) waters, mostly emerging along the borders of buried horst-graben structures, where extensional fractures and faults provide permeable pathways for their ascent to the surface (Fig. 10 ). A CO 2 (H 2 S)-rich gas phase is occasionally associated with the thermal fluid discharges, although the frequent occurrence of CO 2 -rich cold waters Fig. 9 . Plot of log (X CH4 /X CO2 ) vs. log (X H2 /X Ar* ). The theoretical grids assume that redox conditions in the gas equilibration zone are controlled by the FeO-FeO 1.5 hydrothermal buffer (Giggenbach, 1987) and the DP buffer (D' Amore and Panichi, 1980) . Data for the western SVD gases are from Cinti et al. (2011) . Symbols as in Fig. 6a . (acque acetose) indicates that a significant amount of deeporiginated gases is discharged through diffuse soil degassing. The isotopic signature of CO 2 and He suggests that these gases mainly have a crustal origin with minor contribution from mantle degassing. Cold Ca(Na)-HCO 3 waters are not affected by the hydrothermal system, being located far from the main tectonic alignments. Hence, in the absence of tectonic disturbance, the shallow volcanic and sedimentary formations efficiently isolate the hydrothermal reservoir from the surface. Meteoric waters from local highs and the Apennine range recharge both the shallow and deep reservoirs. By comparing the hydrothermal fluids discharging in the western and eastern sector of SVD, the latter are strongly influenced at relatively shallow depth by the cold and air-rich meteoric water recharge from the Apennine range. No clear clues of the Na-Cl brine discharged from the Cesano geothermal wells are recognized at the surface, even where the tectonic setting locally favors the uprising of the hydrothermal fluids. Although masked by mixing processes with the shallow aquifer, the deep hydrothermal reservoir of eastern SVD is to be considered an important potential resource, especially considering the recent renewed interest for geothermal energy in Italy. In the past the exploitation through conventional technologies was strongly limited by the fluid characteristics (i.e. high salinity of the liquid phase and presence of corrosive gases). Presently, the most recent unconventional technologies can make possible the exploitation of the geothermal resources through binary systems where a working fluid, generally constituted by organic compounds (propane), is used in place of the geothermal fluid to produce electricity (Di Pippo, 2008) . Moreover, direct uses (e.g. building heating and cooling, fish farming, greenhouse heating), which imply relatively low costs, may represent, at a local scale, more than a valid alternative for the exploitation of these thermal fluids.
